Abstract This review focuses on the novel CuZ center of nitrous oxide reductase, an important enzyme owing to the environmental significance of the reaction it catalyzes, reduction of nitrous oxide, and the unusual nature of its catalytic center, named CuZ. The structure of the CuZ center, the unique tetranuclear copper center found in this enzyme, opened a novel area of research in metallobiochemistry. In the last decade, there has been progress in defining the structure of the CuZ center, characterizing the mechanism of nitrous oxide reduction, and identifying intermediates of this reaction. In addition, the determination of the structure of the CuZ center allowed a structural interpretation of the spectroscopic data, which was supported by theoretical calculations. The current knowledge of the structure, function, and spectroscopic characterization of the CuZ center is described here. We would like to stress that although many questions have been answered, the CuZ center remains a scientific challenge, with many hypotheses still being formed.
Introduction
Copper-containing proteins and enzymes play crucial roles in metabolic and cellular processes in both eukaryotes and prokaryotes [1] [2] [3] [4] , such as electron transport (plastocyanin, azurin, stellacyanin) [5] [6] [7] , in oxygen transport in arthropods and mollusks (hemocyanin) [8, 9] , in the reduction of O 2 to H 2 O [cytochrome c oxidase (COX), laccase, ascorbate oxidase] [10] , in the reduction of O 2 to H 2 O 2 (amine oxidase, galactose oxidase) [11, 12] , in the oxidation of various organic substrates (tyrosinase, methane monooxygenase, dopamine b-hydroxylase) [12, 13] , and in the reduction of small inorganic molecules [nitrite reductase, nitrous oxide reductase (N 2 OR), superoxide dismutase] [14] [15] [16] .
Most of the copper centers present in these proteins can be divided into three classes (type 1, type 2, and type 3) [17] [18] [19] . However, recently new protein structures and spectroscopic data have led to the identification of two novel copper sites that cannot be classified into the initial division.
One is the CuA center, a binuclear copper center, different from the binuclear type 3 copper center. In the CuA center, each copper ion is coordinated by two cysteine and two histidine residues, whereas the third ligand is the carbonyl oxygen of a methionine or a glutamate residue [7] ( Fig. 1, Panel A) .
The CuA center has been identified in COX and N 2 OR (Fig. 1, Panel A) , where it plays the role of an electron transferring center, accepting electrons from small electron transfer proteins and transferring them to the catalytic site, which is usually in another domain of the enzyme [7] .
The last novel biological copper center to be identified and characterized was the CuZ center, a l4-sulfide bridged tetranuclear copper center, which is the catalytic site of N 2 OR (Fig. 1 , Panel C). This review focus on the current views on the CuZ center structure, spectroscopic characteristics, and catalytic properties.
The CuZ center is responsible for the catalysis of the two-electron reduction of nitrous oxide (N 2 O) to nitrogen and water, the final step of the denitrification pathway [3, 20, 21] : The catalysis of this reaction plays an important environmental role, owing to the fact that N 2 O is a potent greenhouse gas. Moreover, the emission of this gas into the atmosphere was enhanced in the last century through the intensification of agriculture, the so-called green revolution, which increased the presence of nitrogen in soil through the application of synthetic nitrogen-based fertilizers [22, 23] . Therefore, a better understanding of N 2 OR will soon have both an environmental and a biotechnological impact. The key role of copper in the respiration of N 2 O was identified by Iwasaki et al. [24, 25] , who demonstrated that the presence of this metal in the growth medium was essential for anaerobic growth when N 2 O was used as an electron acceptor. The first report of a 120-kDa coppercontaining protein isolated from a denitrifying pseudomonad came from Matsubara and Zumft [26] , which also proved that copper ions play an important role in the biosynthesis of N 2 OR in this denitrifying bacterium. These authors identified this protein as N 2 OR, by demonstrating that it could reduce N 2 O to N 2 in a in vitro assay that used methylviologen, hydrogen, and clostridial hydrogenase as electron-donating systems [27] .
Since N 2 OR was first isolated from Pseudomonas stutzeri (formerly Pseudomonas perfectomarina) [28, 29] , it has been purified and characterized from other bacterial sources, such as Rhodobacter capsulatus (formerly Rhodopseudomonas capsulate) [30] , Rhodobacter sphaeroides f. sp. denitrificans [31] , Paracoccus denitrificans [32] , Wolinella succinogenes [33] , Flexibacter canadensis [34] , Achromobacter cycloclastes [35] , Pseudomonas aeruginosa [36] , Paracoccus pantotrophus (formerly Thiosphaera pantotropha) [37] , Thiobacillus denitrificans [38] , Alcaligenes xylosoxidans [39, 40] , Pseudomonas nautica (renamed Marinobacter hydrocarbonoclausticus) [41] , and more recently Hyphomicrobium denitrificans [42] .
The history of the CuZ center
Although the presence of the CuZ center was proposed about 20 years ago [43] , our knowledge of its chemistry is still scarce and owing to its characteristics it represents a fascinating chapter in the field of bioinorganic chemistry.
The presence of two distinct copper sites in N 2 OR was clear from the first isolation of the enzyme in 1982 [27] . At that time the CuA center had already been observed in COX [44] , and was identified as being a binuclear copper site, able to accept electrons from small electron donor proteins [45] .
The similarity between the CuA centers in COX and N 2 OR was first demonstrated by Kroneck et al. [46, 47] using a multifrequency EPR approach. These studies were followed by the study of Jin et al. [48] , who studied the copper centers in N 2 OR by electron spin echo spectroscopy and presented further evidence for the similarity between the CuA center in the two enzymes. This similarity was also shown by magnetic circular dichroism (MCD) [49, 50] and extended X-ray absorption fine structure (EXAFS) studies, as the curve-fitted copper EXAFS results for N 2 OR are strikingly similar to those for COX [50] [51] [52] . Finally, the identification of a set of potential copper ligands in the C-terminal domain of N 2 OR, which matched the ones of the CuA center in COX, was crucial to establish that the CuA center, initially believed to be unique to COX, is also present in N 2 OR [53, 54] (Fig. 1, Panel A) . The other copper center of N 2 OR was detected when the enzyme was reduced with dithionite. This copper center was clearly different from a CuA center (which has absorption bands at 480, 540, and 780 nm) or a type 1 copper center (with an absorption maximum at 600 nm), as the dithionite-reduced form is characterized by a 640-nm band in the visible spectrum. Another distinctive feature is its axial EPR signal, with g values at 2.16-2.18 and 2.04-2.06 with a broad four-line hyperfine splitting pattern [28] .
Since it was considered that the CuA center was the electron transfer site (like in COX), this other copper center was proposed to be the catalytic center, and was named by Farrar et al. [43] as the CuZ center. At that time, the CuZ center was proposed to be a binuclear copper center with properties different from those of either a type 3 copper center or a CuA center.
This new copper center was characterized by resonance Raman spectroscopy and the results were interpreted as indicating the presence of a highly covalent thiolate (Cu 2? -Scys -$ Cu ? -ScysÁ) in the dithionite-reduced enzyme [49, 55] .
These results as well as other spectroscopic characterization using absorption, EPR, and MCD spectroscopies led to the proposal that the CuZ center has a thiolate coordination supported by cysteine residues, akin to the CuA center. However, the primary sequence of N 2 OR did not have any conserved cysteine residues, besides the ones in the C-terminal CuA domain that could not be involved in the coordination of a second thiolate binuclear center. Nevertheless, Zumft [3] noticed the presence of eight conserved histidine residues in the primary sequence of the enzyme. This observation, combined with spectroscopic and mutagenesis data, led to the revision of the nature of the CuZ center and to the proposal that the CuZ center is coordinated by multiple histidine residues [56] . This study also pointed out that there are more than two copper ions in the catalytic center of N 2 OR, showing that the CuZ center is more complex than a simple binuclear type 3 copper center.
Indeed, later the crystal structure of N 2 OR demonstrated that this prediction was correct, and that the CuZ center is in fact a unique center in bioinorganic chemistry (Fig. 1 , Panel C) [57, 58] .
The structure of the CuZ center opened a new chapter in the area of biological metal clusters, giving a structural basis for the interpretation of the spectroscopic data, and also providing the possibility to analyze these data using theoretical calculations [59] .
X-ray structure of the CuZ center
The fascinating and unexpected structure of the tetranuclear CuZ center was revealed by the resolution of the three-dimensional structure of N 2 OR from Pseudomonas nautica at 2.4 Å , in 2000 [57] . However, the electron density bridging the four copper ions in the tetrahedron that corresponds to the inorganic sulfur was initially attributed to an oxygen atom. The bridging sulfur ion was only unambiguously identified after the detection of resonance Raman frequency lines associated with sulfur [60] , combined with the high-resolution structure of Paracoccus denitrificans N 2 OR at 1.6 Å and elemental analysis that proved the existence of an inorganic sulfur [58, 61] .
In fact, the CuZ center is a distorted tetrahedron of copper ions bridged by a sulfide ion (Cu 4 S) (with the copper ions being labeled as Cu I , Cu II , Cu III , and Cu IV in Fig. 1 , Panel C), that is, bound to the protein via the nitrogen atoms of seven well-conserved histidine residues, with five of them coordinating the copper ions through the Ne2 atoms (His-80, His-128, His-270, His-325, and His-376 in Pseudomonas nautica), and the other two through the Nd1 atoms (His-79 and His-437 in Pseudomonas nautica) (Fig. 1, Panel C) .
The Cu 4 S cores of the CuZ center from all the available N 2 OR structures are very similar both in symmetry and in interatomic distances (Fig. 2) . This cluster has an approximate C s symmetry with Cu I -S-Cu II defining the mirror plane. The average distance of the Cu-S bonds is approximately 2.3 Å and the Cu-Cu distances vary from 2.6 to 3.4 Å . The Cu I -S-Cu II angle is close to 160°, whereas all other Cu-S-Cu angles are approximately orthogonal.
The nature of the bridging ligand between Cu I and Cu IV , the proposed binding site for the substrate N 2 O, is still unclear and the object of debate. In the first Pseudomonas nautica N 2 OR structure (2.4-Å resolution), the electronic density was modeled as two hydroxyl groups between Cu I and Cu IV [57] , whereas after a revision of the same structure, the bridging ligand was proposed to be an oxygen [58] (Fig. 2 , Panel A). However, in Paracoccus denitrificans N 2 OR (1.6-Å resolution), the bridging ligand, between Cu I and Cu IV of the CuZ center, was proposed to be either a water molecule or a hydroxyl group [61] (Fig. 2 . Panel B), and in the Achromobacter cycloclastes N 2 OR structure (1.9-Å resolution) the pocket between Cu I and Cu IV of the CuZ center can accommodate both a water molecule and a hydroxyl group [62] (Fig. 2 , Panel C). The structure of Achromobacter cycloclastes N 2 OR was also determined in the presence of an inhibitor, iodide ion, which was shown to bind to the CuZ center in the Cu I -Cu IV edge [62] (Fig. 2, Panel D) .
Since the edge between Cu I -Cu IV of the CuZ center could accommodate water and/or hydroxyl groups and also an inhibitor, this site was proposed to be the substrate binding site. Density functional theory (DFT) calculations suggested the binding of a bent N 2 O molecule between Cu I and Cu IV (vide infra) [63] . In this model the oxygen and the terminal nitrogen are in positions equivalent to those of the two oxygen atoms identified in the X-ray structure of the Achromobacter cycloclastes CuZ center (Fig. 3) . After a catalytic cycle and upon release of N 2 , the remaining oxygen can stay bound in a bridging position similar to that found for the iodide in the inhibitor-CuZ center bound structure (Fig. 2, Panel D) .
The catalytic CuZ center is located in the N-terminal domain, which adopts a seven-blade b-propeller fold, whereas the electron transfer center, CuA, is located in the C-terminal cupredoxin domain. Moreover, the threedimensional structure of N 2 OR also revealed the functional homodimeric conformation of this enzyme. Indeed, although the distance, within the same monomer, between the electron transferring center (CuA center) and the catalytic center (CuZ center) is around 40 Å , the CuA-CuZ distance within the dimer is approximately 10 Å (Fig. 1 , Panel B), which is considered suitable for efficient electron transfer [64] . 
Spectroscopy of the different redox states of the CuZ center
To understand the electronic properties of the metal centers in N 2 OR, a large amount of spectroscopic data has collected in recent years, interpretation of which was revisited after the determination of the first crystal structure.
The visible spectrum of the as-isolated N 2 OR, purified in an anaerobic chamber for the exclusion of oxygen, has overlapping absorption bands of the two copper centers, CuA and CuZ centers, which hinders the deconvolution of their spectroscopic features. In this form of the enzyme (Table 1 , form A), the CuA center has absorption bands at 480, 550, and 780 nm and the CuZ center contributes with an absorption at 540 nm [56] .
The spectroscopic and electronic properties of the CuA center have been extensively investigated, not only in N 2 OR, but also in COX [47, 65, 66] .
Most of the initial spectroscopic characterization of the CuZ center was performed using the dithionite-reduced form of N 2 OR isolated either with exclusion or in the presence of oxygen, in which the CuA center is reduced and is in the spectroscopic silent state (Cu ? -Cu ? ) (S = 0). In those dithionite-reduced N 2 OR forms, the CuZ center is in the CuZ state (Table 1 , form C) and the CuZ* state (Table 1, form-E), respectively. Dithionite-reduced CuZ and CuZ* are characterized by a broad absorption band with a maximum at around 640 nm and an EPR signal, with g values at 2.15-2.18 and 2.04-2.06 and four-line hyperfine splitting [28, 59, 67] (Table 2) .
However, in the early purifications from Pseudomonas stutzeri, it became clear that the enzyme can be isolated with the CuZ center in different redox states depending on the procedure used during the purification. Indeed, the N 2 OR purified under the exclusion of oxygen from Pseudomonas stutzeri, Alcaligenes xylosoxidans, Paracoccus denitrificans, and Paracoccus pantotrophus [28, 32, 40, 68] exhibits an intense absorption at 540 nm and a less intense band around 800 nm. This form of N 2 OR, which was defined as ''purple'' ( Fig. 3 Representation of the CuZ center with the substrate bound in a l-1,3-N 2 O bridging mode. The figure was created with DSViewer Pro 5.0 (Accelrys) using 2IWF and based on the model proposed in [63] , which was obtained by density functional theory calculations Fully reduced activated form a In the ''blue form'' of N 2 OR, the CuZ center is found mainly in the CuZ* state, which has also been named ''resting CuZ.'' This form is different from the one present in form C, although they have the same redox state. The CuZ center in form C has slightly different absorption bands and a slightly different EPR spectrum from the one in forms D and E, and the CuZ center in form C is redox-active, whereas in forms D and E it is redox-inactive [67, 68] center exhibits absorption maxima at 480, 550, and 780 nm, the CuZ center in the form of CuZ* is characterized by an absorption band at 640 nm. The reduction of the purple N 2 OR (Table 1 , form A) by sodium dithionite proceeds in two kinetic steps: a fast phase in which the absorbance at 540 nm decreases and the shoulder at 800 nm disappears almost within seconds, owing to the reduction of the CuA center (Table 1 , form B), and a slower phase, in which a ''blue'' form is generated in the course of minutes (Table 1 , form C), characterized by a decrease and almost disappearance of the 550-nm absorption band and an increase in the 640-nm absorption band [21] . Therefore, the enzyme when purified under the exclusion of oxygen can be in an ''as-isolated'' ( Table 1 , form A), a ''semireduced'' ( Table 1, form B) , and a ''dithionite-reduced'' (Table 1, form C) form.
The EPR spectrum of the ''as-isolated,'' purple form (Table 1 , form A) exhibits a well-defined seven-line hyperfine splitting, whereas that of the dithionite-reduced form (Table 1 , form C) has a broad and poorly resolved four-line hyperfine splitting signal [43] . However, the ''semireduced'' form (Table 1 , form B), obtained by reducing the ''purple'' form with sodium ascorbate, shows an extremely weak EPR signal and must be considered EPR-silent, but still has an absorption band at 540 nm. MCD data confirmed that the ''semireduced'' form (Table 1 , form B) is not a ferromagnetically coupled (S = 1) center but is an antiferromagnetically coupled center (S = 0) [56] .
Farrar et al. [43] suggested the presence of two distinct forms of the CuZ center, named CuZ and CuZ*. In particular, the catalytic center can exist in a redox-active form, CuZ, and in a redox-inactive form, CuZ*, in which the CuZ center is [2Cu 2? -2Cu ? ] and [1Cu 2? -3Cu ? ], respectively. It was also noticed that the amount of CuZ* species was dependent on the N 2 OR isolation procedure. It was shown that the proportion of CuZ* is minimal in Pseudomonas stutzeri N 2 OR isolated under the exclusion of oxygen [43] . In fact, the Paracoccus pantotrophus N 2 OR purified under the exclusion of oxygen has a CuZ* to total CuZ ratio of 0.29, whereas in the preparation in the presence of oxygen, this ratio is 0.66 [68] .
In summary, the spectroscopic, electronic, and structural characterization of the CuZ center in the purple form [2Cu 2? -2Cu ? ] is still far from complete, owing to the interference and overlapping of the CuA center spectroscopic features and thus more spectroscopic and structural data for this form are required.
On the other hand, the ''blue'' form of N 2 OR, which has the CuZ center mainly as CuZ* (Table 1 , form E), has been extensively characterized in recent years by Solomon and coworkers. MCD spectroscopy showed that the paramagnetic state of the Pseudomonas nautica ''blue'' N 2 OR (which has the CuZ center mainly as CuZ*) has an S = 1/2 spin state [69] . Furthermore, Cu K-edge X-ray absorption spectroscopy was used to distinguish between the two possible configurations for the tetranuclear copper center, ]. In addition, the unpaired electron spin distribution of the CuZ center in the dithionitereduced state of this enzyme was determined by Q-band and X-band EPR spectroscopic studies in combination with DFT calculations. It revealed that the spin density is mainly distributed between Cu I (42%) and Cu II (16%), with a small contribution from the other two copper ions (Cu III 8% and Cu IV 3%) and a significant contribution from the bridging sulfide (14%) [69] . A similar EPR-DFT calculation study was performed on the two dithionite-reduced forms of the CuZ center of Paracoccus pantotrophus N 2 OR, CuZ (Table 1 , form C) and CuZ* ( Table 1 , form E). The results obtained are similar to those obtained for Pseudomonas nautica N 2 OR but with the spin density being more widely distributed over the CuZ center (Cu I 20.1%, Cu II 9.5%, Cu III 4.8%, Cu IV 9.2%, and S 17.9%) [67] .
Other spectroscopic methods, such as resonance Raman and low-temperature absorption spectroscopies, coupled with DFT calculations revealed that the spectral features of Fully reduced Highly active None EPR silent [63, 77] the dithionite-reduced CuZ center, CuZ* ( Table 1 , form E), are dominated by the S ? Cu I charge-transfer transition [59, 70] . In particular, the three main frequency lines in the resonance Raman spectra, at 366, 386 and 415 cm -1 , are associated with Cu-S vibrations and contribute to the broad charge-transfer absorption band at approximately 640 nm (approximately 15,650 cm -1 ). These three transitions are associated with excitations from the three p orbitals of the l4-bridging sulfide.
Activation of the CuZ center
The reduction of N 2 O is a thermodynamically favorable reaction with DG & -104.6 kJ mol -1 but its thermodecomposition is kinetically inert owing to the activation barrier of approximately 250 kJ mol -1 , which is consistent with a spin-forbidden process [21, 71] . Although N 2 O is a weak ligand for metals, because it is a weak r-donor and weak p-acceptor molecule, several complexes of transition metals are able to bind and activate N 2 O [72, 73] . However, the M-N 2 O complexes reported so far are transient species and no X-ray structure is available, since that intermediate is rapidly converted to nitrogen and to the corresponding metal-oxidized species. These studies are consistent with a reaction mechanism involving the scission of the NN-O bond [72] .
In biological systems, it was known even before the isolation and purification of N 2 OR that denitrifying bacteria have the ability to reduce N 2 O to N 2 . Several assays were developed to test the enzyme activity, such as gas chromatography methods [74] and the Clark-type electrode [75] , but the most used assay was the one developed by Kristjansson and Hollocher [76] , in which the oxidation of methylviologen cation radical or benzylviologen cation radical was followed upon addition of N 2 O.
One of the important aspects for the understanding of the catalytic cycle and activity of N 2 OR is the identification and characterization of active intermediates that are able to bind and reduce N 2 O. As already mentioned, the CuZ center of the dithionite-reduced N 2 OR (CuZ*, Table 1 , form E) cannot be further reduced or oxidized (using dithionite or ferricyanide, respectively), and is thus redoxinactive. On the other hand, the activity assay with reduced methylviologen suggested that a negative potential and a long incubation time were necessary to reduce the nonactive CuZ* center to the fully reduced active CuZ state ( ]. The CuZ center in the fully reduced state is characterized by being spectroscopically silent, as no EPR signal is detected and no contributions are observed in the visible region. Parallel activity assays demonstrated that the enzyme activity increased with increasing incubation time and that the increase in activity was directly correlated with the decrease in intensity of CuZ* EPR and visible features [63, 77] .
Therefore, these studies demonstrate that the electronrich site of the fully reduced CuZ center is required to bind and catalyze the two-electron reduction of N 2 O to N 2 .
As mentioned before, N 2 OR from Pseudomonas stutzeri, Paracoccus pantotrophus, and Paracoccus denitrificans can be isolated with the CuZ center in a redox-active form ( [68] . Indeed, it was shown that the activity of the ''purple'' Achromobacter cycloclastes N 2 OR increased from 8 to 125 U mg -1 after incubation with methylviologen, demonstrating that this form of the enzyme also requires activation to fully reduce the CuZ center and thus attain maximum activity [77] .
In conclusion, N 2 OR isolated either under the exclusion (form A ? form F) or in the presence of oxygen (form D ? form F) always requires an activation process to fully reduce the CuZ center, and it is only the fully reduced form of the enzyme (Table 1, form F) that has the maximum specific activity.
The activation mechanism of N 2 OR is still not completely understood, i.e., whether there are only changes in the redox state of the CuZ center or additional modifications occur in the coordination sphere of the copper ions of the CuZ center. Recently, it was demonstrated that there is a protonation step associated with this activation process, with a pK a of 9.2, which was assigned to a lysine that is in close proximity to the CuZ center (Lys-397 in Pseudomonas nautica). It was proposed that the protonation of this lysine facilitates the reduction of the CuZ center from the CuZ* form (Table 1 , form E) to the fully reduced form (Table 1 , form F) [79] .
Catalytic properties of CuZ and reaction intermediates
To clarify the catalytic mechanism of N 2 O reduction, several kinetic studies were performed and the kinetic J Biol Inorg Chem (2011) 16:183-194 189 parameters were determined in assays that used either physiological (type 1 copper protein or c-type cytochrome) or artificial (e.g., methylviologen or benzylviologen) electron donors. In the assays that used methylviologen or benzylviologen as electron donors, K m for the substrate was determined to be in the low micromolar range, whereas V max varied with the bacterial source of the enzyme (Table 3) .
It is important to point out that a comparison between earlier values is not possible because in the earlier assays the enzyme was not activated, i.e., the CuZ center was not fully reduced and thus the maximum activity attained would be strongly dependent on the time of incubation (time required for enzyme activation) [63, 77] , which was not always stated. Thus, N 2 OR in those assays has to be viewed as being in different intermediate states of activation.
To avoid this problem, the activity assay was recently modified to separate the activation process from the catalytic cycle [80] . In these assays, N 2 OR is activated with reduced methylviologen, which is removed by a desalting chromatographic step, so that the addition of activated N 2 OR initiates the enzymatic assay.
Small electron donor proteins, as c-type cytochromes, either physiological or nonphysiological (mitochondrial cytochrome c), have been used as electron donors to N 2 OR in in vitro assays [81] . In the case of N 2 OR isolated from Rhodobacter capsulatus, Rhodobacter sphaeroides f. sp. denitrificans, and Paracoccus pantotrophus [37, 82, 83] , the physiological donor is a periplasmic c-type cytochrome, but Paracoccus pantotrophus N 2 OR can also accept electrons from a periplasmic type 1 copper protein, pseudoazurin [37] , and from the mitochondrial horse heart cytochrome c [81] . Bovine heart cytochrome c is able to reduce Achromobacter cycloclastes N 2 OR [84] , but its physiological electron donor is pseudoazurin [85] .
Wolinella succinogenes N 2 OR is proposed to have a peculiar structure, with an extra C-terminal domain containing a c-type heme [33, 86] . A periplasmic c-type cytochrome isolated from the same organism was shown to be the putative electron donor to this enzyme [87] .
In the case of Pseudomonas nautica N 2 OR, a kinetic analysis comparing cytochrome c-552, the established ED electron donor, MV methylviologen, BV benzylviologen physiological electron donor, and methylviologen, the reductive agent that is required to activate this enzyme, points out that this small molecule is a more efficient electron donor [80] . In particular, methylviologen shows a higher turnover number than does cytochrome c-552 (300 and 4 s -1 , respectively). Moreover, reduced cytochrome c-552 is able to donate electrons to the CuA center but it is not able to fully reduce the CuZ center when it is in the [1Cu 2? -3Cu ? ] CuZ* state, confirming that this state is inert and not part of the catalytic cycle.
The different mechanisms and modes of interaction of these two electron donors were also verified by the pH and electron donor concentration dependencies. In fact, when cytochrome c-552 is the electron donor, the electron transfer reaction is the rate-limiting step, whereas the reduction of N 2 O is slower in the case of methylviologen as the electron donor. Another difference was observed in the affinity, which is higher for methylviologen, with K m of 12 lM, than for cytochrome c-552, with K m of 50 lM. The other difference was found in the pH dependence of the catalytic activity, which is higher at basic pH values for methylviologen, whereas for cytochrome c-552 it is higher at more acidic values. The different reactivity is proposed to be correlated to a different type of interaction of methylviologen toward the enzyme, in particular owing to a direct reduction of the CuZ center, overpassing the internal electron flow between the CuA and CuZ centers of N 2 OR [88] .
A mechanism for CuZ center reduction was derived from this kinetic analysis, in which the maximum activity of the enzyme is reached when a water molecule bridges Cu I and Cu IV . At pH above 9, the deprotonation of the ligand makes the reduction of the CuZ center by the cytochrome c-552 reduced CuA center more difficult and rate-limiting. On the other hand, methylviologen is a stronger reducing agent and can directly reduce the CuZ center without the need to deliver electrons through the CuA center, ensuring a fast reduction even at basic pH values. The optimum pH for several N 2 ORs was determined to be in the range from 8.0 to 9.5 when methylviologen was used as the electron donor [28, 37, 42, 80] .
A computational approach has also been applied to provide further insights into the catalytic mechanism and the binding mode of the substrate, N 2 O. For the lowestenergy conformation of the fully reduced state, the most favorable binding mode of the substrate is bridging Cu I and Cu IV , in a l-1,3 coordination (Fig. 3) [63] . After binding, N 2 O is proposed to be in a bent conformation, which facilitates the coordination of N 2 O, by shifting the p* orbital of N 2 O close to the fully occupied d orbitals of the fully reduced CuZ center and turning the substrate into a good electron acceptor [63] .
The back-bonding interaction between Cu d and N 2 O p* enables the elongation of the N-N and N-O bonds and increases the electron density of the oxygen atom, activating it for electrophilic attack by a proton. The transition state is stabilized by the charge transfer, which leads to a strong Cu IV -O bond. The d 10 configuration of all the copper atoms in the fully reduced form facilitates the backbonding by maximizing the CuZ ? N 2 O charge transfer. In addition, the protein structure presents the structural support for the CuZ center, providing the hydrogen-bonding and noncovalent interactions that lower the activation barrier of the N-O bond cleavage [73] .
A different mechanism for the binding mode of N 2 O has been proposed by Bar-Nahum et al. [89] , based on a synthetic model of the CuZ center, a trinuclear mixed-valence copper-sulfur complex [Cu 3 S 2 ]
2? supported by tertiary amine ligands. This was the first copper complex able to catalyze the reduction of nitrous oxide to dinitrogen at low temperature. The DFT calculations proposed that the substrate binds between two copper ions through a single oxygen atom. Although this model differs from the one of Solomon and coworkers, mentioned before, it is proposed to have similar activation energy [59] .
In the absence of reducing agents, the reaction of the fully reduced CuZ center with the substrate, N 2 O, enabled the identification of an intermediate in the turnover cycle of the enzyme. This intermediated was named CuZ°and is characterized by an absorption band at 680 nm [90] . This intermediate form is different from CuZ*, which is characterized by an absorption band at 640 nm, although the oxidation state of the CuZ center is proposed to be the same [1Cu 2? -3Cu ? ] (Table 1) . Interestingly, these experiments showed that in contrast to CuZ*, CuZ°is fully active, but in the absence of reducing agents to complete the catalytic cycle it rearranges to CuZ*. This is a slow process (k = 0.3 min -1 ) when compared with the turnover rate (on the per second timescale). Although, the catalytic center provides the two electrons for the N 2 O reduction, those studies showed that this is concomitant with the rapid one-electron transfer from the CuA center to the CuZ center, rendering the two-electron oxidized form of CuZ too short lived to be detected in those conditions.
The identification of CuZ°as an intermediate in the catalytic cycle allowed the revision of both the activation mechanism and the turnover cycle of N 2 OR. The proposed mechanism for the reductive activation, catalytic mechanism, and inactivation of the CuZ center is shown in Fig. 4 .
Future perspectives
Since the discovery of the CuZ center, a tetranuclear copper center bridged by sulfur, several properties of this J Biol Inorg Chem (2011) 16:183-194 191 center have been elucidated, demonstrating the novelty of this bioinorganic cluster in terms of its structure and reactivity. However, the CuZ center still represents a challenge in biochemistry since many questions remain to be answered, such as aspects regarding the catalytic mechanism and the structure of the fully reduced (activated) CuZ center. As mentioned, the ''purple'', ''pink,'' and ''blue'' forms of N 2 OR have very low activity when compared with the enzyme in the fully reduced form or with the intermediate CuZ°. This suggests that a conformational change in the protein structure, in the cluster geometry, or in its coordination needs to occur to reach the optimal configuration for catalysis. Thus, structural data on N 2 OR with the CuZ center in different redox states (especially in the fully reduced) might also provide enlightenment as to why the enzyme is only fully active after a prolonged reduction.
The Another question is the role of the sulfide bridging the four copper ions in the catalytic mechanism of N 2 OR. Currently, the sulfide is proposed to be involved in the delocalization of the electronic spin density in the CuZ center. However, all the spectroscopic data were acquired on a nonactive resting state of the enzyme and it can be postulated that the sulfide has a critical role during the catalytic cycle of the enzyme to lower the activation energy. The involvement of the sulfur in the activation mechanism and catalytic mechanism still remains to be determined.
Experiments performed with the isolated enzyme are for obvious reasons considered important and irreplaceable. CuA oxidized Fig. 4 The possible mechanism of reduction, catalysis, and inactivation of the catalytic center CuZ. Copper ions are colored blue in the II oxidation state or light blue in the I oxidation state. In the CuZ* form, the Cu I (II) ion is represented as a blue square to indicate that this form is inactive. In either CuZ or CuA centers, the unpaired electrons are delocalized within the cluster through the sulfur(s) atom(s), represented as yellow spheres, which in the case of the CuA center are two thiolates, from two cysteine side chains, and in the CuZ center a sulfide Nevertheless, the knowledge obtained by the study of designed compounds that biomimic the CuZ center cannot be ignored, as they have provided valuable information about the structure and mechanistic properties of this center. New copper-sulfur compounds supported by nitrogen-donor ligands can provide insights into the binding and coordination of nitrous oxide to an electron-rich site as CuZ, and allow estimation of thermodynamic parameters and redox potentials. Moreover, this approach enables low-temperature experiments in organic solvent to trap intermediate species in the N 2 O binding and reduction.
Some of these questions might be answered soon, since N 2 OR is the focus of many research groups, driven by the environmental significance of nitrous oxide as a greenhouse gas. During the revision of this manuscript, the crystallization of the ''purple'' form of N 2 OR, which has the CuZ center in the [2Cu 2? -2Cu ? ] state, was reported [91] . The CuZ center in this oxidation state has not yet been extensively characterized and its structural characterization will surely give rise to new and exciting challenges.
